Neuronal differentiation involves Rac and Cdc42 GTPases. ␣-Chimaerin, a Rac/Cdc42 regulator, occurs as ␣1-and alternatively spliced Src homology 2 (SH2) domain-containing ␣2-isoforms. ␣2-chimaerin mRNA was highly expressed in the rat embryonic nervous system, especially in early postmitotic neurons. ␣1-chimaerin mRNA was undetectable before embryonic day 16.5. Adult ␣2-chimaerin mRNA was restricted to neurons within specific brain regions, with highest expression in the entorhinal cortex. ␣2-chimaerin protein localized to neuronal perikarya, dendrites, and axons. The overall pattern of ␣2-chimaerin mRNA expression resembles that of cyclindependent kinase regulator p35 (CDK5/p35) which participates in neuronal differentiation and with which chimaerin interacts. To determine whether ␣2-chimaerin may have a role in neuronal differentiation and the relevance of the SH2 domain, the morphological effects of both chimaerin isoforms were investigated in N1E-115 neuroblastoma cells. When plated on poly-lysine, transient ␣2-chimaerin but not ␣1-chimaerin transfectants formed neurites. Permanent ␣2-chimaerin transfectants generated neurites whether or not they were stimulated by serum starvation, and many cells were enlarged. Permanent ␣1-chimaerin transfectants displayed numerous microspikes and contained F-actin clusters, a Cdc42-phenotype, but generated few neurites. In neuroblastoma cells, ␣2-chimaerin was predominantly soluble with some being membrane-associated, whereas ␣1-chimaerin was absent from the cytosol, being membrane-and cytoskeleton-associated, paralleling their subcellular distribution in brain. Transient transfection with ␣2-chimaerin mutated in the SH2 domain (N94H) generated an ␣1-chimaerin-like phenotype, protein partitioned in the particulate fraction, and in NGF-stimulated pheochromocytoma cell line 12 (PC12) cells, neurite formation was inhibited. These results indicate a role for ␣2-chimaerin in morphological differentiation for which its SH2 domain is vital.
Neuronal differentiation involves Rac and Cdc42 GTPases. ␣-Chimaerin, a Rac/Cdc42 regulator, occurs as ␣1-and alternatively spliced Src homology 2 (SH2) domain-containing ␣2-isoforms. ␣2-chimaerin mRNA was highly expressed in the rat embryonic nervous system, especially in early postmitotic neurons. ␣1-chimaerin mRNA was undetectable before embryonic day 16.5. Adult ␣2-chimaerin mRNA was restricted to neurons within specific brain regions, with highest expression in the entorhinal cortex. ␣2-chimaerin protein localized to neuronal perikarya, dendrites, and axons. The overall pattern of ␣2-chimaerin mRNA expression resembles that of cyclindependent kinase regulator p35 (CDK5/p35) which participates in neuronal differentiation and with which chimaerin interacts. To determine whether ␣2-chimaerin may have a role in neuronal differentiation and the relevance of the SH2 domain, the morphological effects of both chimaerin isoforms were investigated in N1E-115 neuroblastoma cells. When plated on poly-lysine, transient ␣2-chimaerin but not ␣1-chimaerin transfectants formed neurites. Permanent ␣2-chimaerin transfectants generated neurites whether or not they were stimulated by serum starvation, and many cells were enlarged. Permanent ␣1-chimaerin transfectants displayed numerous microspikes and contained F-actin clusters, a Cdc42-phenotype, but generated few neurites. In neuroblastoma cells, ␣2-chimaerin was predominantly soluble with some being membrane-associated, whereas ␣1-chimaerin was absent from the cytosol, being membrane-and cytoskeleton-associated, paralleling their subcellular distribution in brain. Transient transfection with ␣2-chimaerin mutated in the SH2 domain (N94H) generated an ␣1-chimaerin-like phenotype, protein partitioned in the particulate fraction, and in NGF-stimulated pheochromocytoma cell line 12 (PC12) cells, neurite formation was inhibited. These results indicate a role for ␣2-chimaerin in morphological differentiation for which its SH2 domain is vital.
Key words: Rac; Cdc42; GTPase; GAP; SH2; neurite outgrowth; embryonic brain; PC12; cdk5/p35; Crmp Neuronal differentiation involves Rho family GTPases that trigger the morphological changes underlying altered cell adhesion, neurite outgrowth, and migration. In N1E-115 neuroblastoma cells, activation of Cdc42 and Rac1 generates filopodia and lamellipodia, respectively, required for the formation of neuritic projections, acting antagonistically with Rho (Kozma et al., 1997; van Leeuwen et al., 1997; Sarner et al., 2000) . In primary neurons, inhibition of Rho signaling promotes neurite outgrowth (Bito et al., 2000) , and Rho family GTPases are involved in specification of axonal and dendritic morphologies (Luo et al., 1996; Threadgill et al., 1997; Lee et al., 2000) . Axonal outgrowth is modulated by guidance cues, including Sema3A, which causes neuronal growth cone collapse in an Rac1-dependent manner (Jin and Strittmatter, 1997; Vastrik et al., 1999) . The developmental expression patterns of the Rac exchange factor Tiam-1 (Ehler et al., 1997) and Rac-regulated Cdk5/p35 kinase (Tsai et al., 1993; Nikolic et al., 1998; Zheng et al., 1998) are supportive of roles for Rac1 in neural differentiation and cell migration. Both Tiam-1 and Cdk5 kinase promote neurite outgrowth in vitro (Nikolic et al., 1996; van Leeuwen et al., 1997) , and p35-and Cdk5-knockout mice have defects in cortical lamination (Ohshima et al., 1996; Chae et al., 1997; Kwon et al., 1998) .
In N1E-115 neuroblastoma cells, microinjected ␣1-chimaerin promotes the formation of filopodia and lamellipodia in neuritic growth cones; this requires Cdc42 and Rac1 participation and implicates ␣1-chimaerin as a putative effector for these GTPases (Kozma et al., 1996) . ␣2-chimaerin is an alternatively spliced isoform, whose N-terminal of 185 amino acid residues encompassing an Src homology 2 (SH2) domain replaces the N-terminal 58 amino acid sequence of ␣1-chimaerin (Hall et al., 1993) . A cysteine-rich domain and a GAP domain that acts in vitro on Rac1 (Diekmann et al., 1991; Manser et al., 1992) are common to both isoforms and conserved in ␤-chimaerin. The N-terminals (SH2-containing) of ␣2-and ␤2-chimaerin have 72% similarity with precise conservation of the sequence divergence point in ␣1-/␣2-and ␤1-/␤2-chimaerins (Hall et al., 1993; Leung et al., 1993 Leung et al., , 1994 . ␤2-chimaerin is developmentally expressed in cerebellar granule cells, whereas ␣1-chimaerin occurs in Purkinje cells Leung et al., 1994) . ␤1-chimaerin is testis-specific.
Here we describe the expression pattern of ␣2-chimaerin in the rat embryonic nervous system. Its selective expression in postmitotic neurons suggests a role in neuronal differentiation. To in-vestigate the effects of chimaerin on neuronal morphology, ␣2-chimaerin and ␣1-chimaerin were expressed in N1E-115 neuroblastoma and pheochromocytoma cell line 12 (PC12) cells. ␣2-chimaerin promotes neuritogenesis in permanent N1E-115 neuroblastoma cell lines, being substantially more effective than ␣1-chimaerin. Cells transiently transfected with ␣2-chimaerin, but not ␣1-chimaerin, formed neurites. As in the brain, ␣2-and ␣1-chimaerin are respectively enriched in soluble and particulate fractions of transfected cells. An amino acid substitution (N94H) of the SH2 domain (which abolishes interaction of ␣2-chimaerin with putative targets in vitro) altered its distribution, morphological effects, and inhibited neurite formation, implicating the SH2 domain in the distinct regulation of ␣2-chimaerin and its effects on neuronal morphology.
MATERIALS AND METHODS
T issue preparation. For in situ hybridization, embryos and brains of Sprague Dawley rats were frozen in isopentane at Ϫ40°C. Sections (12 m) were cut on a cryostat and thaw-mounted onto acid-cleaned slides coated with 2% 3-aminopropyltriethoxysilane (Sigma, Poole, UK) and stored at Ϫ70°C. For immunohistochemistry, rat brains were perf used with saline under terminal anesthesia, followed by 4% paraformaldehyde in PBS, pH 7.4, and post-fixed overnight in the same fixative. Freefloating sections (40 m) were rinsed extensively with PBS before staining.
In situ hybridization. Oligonucleotide probes used for in situ hybridization were: sequences complementary to ␣2-chimaerin-specific 5Ј coding sequence nt 141-184 or nt 330 -373, a sequence overlapping the splice junction (nt 537-580) between ␣2-chimaerin-specific and common ␣-chimaerin exons (Hall et al., 1993) , and an ␣1-chimaerin 5Ј untranslated region oligonucleotide (nt 304 -348) . Sense oligonucleotides of the ␣2-chimaerin sequences were used as controls, and competition of specific labeling was achieved by adding a 20-fold excess of the unlabeled oligonucleotide. Oligonucleotide probes were 3Ј end-labeled with (␥ 33 P)dATP and terminal transferase (N EN, Hounslow, UK). Pretreatment of sections was performed according to Brandt et al. (1987) . Frozen sections were fixed 5 min in 4% paraformaldehyde, rinsed with PBS, and incubated for 10 min in 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0. Sections were dehydrated and finally delipidated for 5 min in chloroform. Hybridization was performed overnight at 37°C in 2ϫ SSC, 50% formamide, 5ϫ Denhardt's solution, 10% dextran sulfate, 0.2% SDS, 20 g /ml yeast tRNA, 100 g /ml sheared salmon sperm DNA, 10 g /ml poly(A), and oligonucleotide probe diluted to 2ϫ 10 7 cpm /ml. Glass coverslips were removed in 2ϫ SSC at room temperature (RT). Washes, (15 min) at RT in 2ϫ SSC and twice at 50°C in 1ϫ SSC followed by a high-stringency wash at 50Ϫ55°C in 0.2ϫ SSC for ␣2-chimaerin probes or 0.1ϫ SSC for the ␣1-chimaerin probe. Sections were washed a f urther 2 hr at RT in 1ϫ SSC and dehydrated before exposure to ␤-max Hyperfilm (Amersham Pharmacia Biotech, Little Chalfont, UK) or dipping in Hypercoat L M-1 nuclear emulsion (Amersham Pharmacia Biotech). E xposure times were 2 and 4 -6 weeks, respectively. Emulsion-dipped sections were counterstained with methyl green -pyronine stain (Sigma).
Immunoc ytochemistr y. Sections were blocked for 30 min in 2% normal goat serum and 1% bovine serum albumin in PBS at RT and incubated with primary antiserum (1:5000 -1:10,000 in blocking solution) for 48 hr at 4°C. Sections were incubated with biotinylated goat anti-rabbit IgG (Vector Laboratories, Peterborough, UK) (1:250), followed by Vectastain Elite avidin -biotin immunoperoxidase reagent (Vector Laboratories), and the peroxidase reaction was developed with 0.5 mg /ml 3,3Ј-diaminobenzidine and 0.02% hydrogen peroxide. Preabsorption of diluted antiserum with recombinant ␣2-chimaerin (5 M) was incubated overnight at 4°C.
Preparation of antibodies. ␣2-chimaerin cleaved from GST/␣2-chimaerin with thrombin and purified as previously described (Hall et al., 1993) was used to raise antibodies in rabbits. For some experiments ␣2-chimaerin antibody was purified by affinity chromatography on glutathione-agarose and recombinant ␣1-chimaerin agarose columns to remove GST and ␣1-chimaerin reactivity.
Subcellular f ractionation and Western blotting. Subcellular fractions were prepared from adult rat brain homogenate in isotonic sucrose (Whittaker and Barker, 1972) . After centrif ugation at 1000 ϫ g, the supernatant was spun at 12,000 ϫ g to obtain the P2 pellet fraction containing mitochondria, myelin, and synaptosomes, from which synaptic plasma membranes were f urther purified by sucrose gradient centrif ugation. The 12,000 ϫ g supernatant fraction was centrif uged at 100,000 ϫ g to obtain microsomal and cytosol fractions. Pellet fractions were washed with isotonic solution before solubilization in SDS electrophoresis buffer, and soluble fractions were concentrated using C entriprep concentrators (Amicon, Beverly, M A). SDS gel electrophoresis, Western immunoblotting with primary antibody, and secondary horseradish peroxidase-conjugated goat anti-rabbit IgG (Dako, C ambridge, UK), detected by ECL reagent (Amersham Pharmacia Biotech) was as described (Obermeier et al., 1998) . GAP overlay assay to detect RacGAP activity was as described by Manser et al. (1992) .
Site-directed mutagenesis of the ␣2-chimaerin SH2 domain, GA P domain, and cloning of chimaerin sequences. Point mutations in the SH2 domain were introduced in the f ull-length ␣2-chimaerin sequence in BSK II ϩ 921.2 (Hall et al., 1993) at positions equivalent to those important for Src SH2-phosphopeptide interaction (Bibbins et al., 1993) . Mutations were made using the Transformer Site-Directed Mutagenesis K it (C lontech, Basingstoke, UK) and a selection oligonucleotide mutating BSK IIϩ SacI site to an AatII site. Mutated sequences were identified by appropriate restriction enzyme digest, confirmed by sequence analysis, and subsequently cloned in pGEX-2TK and eukaryotic vectors.
The ␣2-chimaerin SH2 domain-containing N-terminal fragments (1-160) encoded in an EcoRI /NdeI fragment (or the f ull-length coding sequence in an EcoRI /DraI fragment) excised from BSK II ϩ 921.2 (Hall et al., 1993) were cloned into the SmaI site of pGEX-2TK . GST f usion proteins were purified by established methods (Manser et al., 1992) .
␣1-and ␣2-chimaerin and mutated ␣2-chimaerin sequences were cloned into mammalian expression vectors pXJ40-HA, pXJ40-GFP, or pXJ41-HA (X iao et al., 1991; Manser et al., 1997) . pXJ40HA encodes a 10 amino acid hemagglutinin (HA) tag recognized by monoclonal antibody (Roche Diagnostics, Lewes, UK). pXJ40-GFP encodes green fluorescent protein in a sequence inserted between the EcoRI and BamHI sites. pXJ41-HA contains the neomycin resistance gene enabling G418 selection for permanent expression. Inserts of ␣1-chimaerin cDNA coding sequence in a FokI/BalI fragment (417-1534) from pBS-rlam631 , ␣2-chimaerin pBSK ϩ 921.2 EcoRI /XhoI fragment, and SH2 domain mutated sequences were cloned into the K lenow blunted BamHI site of pXJ40-HA, pXJ40-GFP, and pXJ41-HA. Chimaerin GAP domain mutations were made in pXJ40-GFP-chimaerin constructs by substitution of nt 920 C for G (amino acid residue R304G) or by deletion of nine nucleotides encoding amino acid residues 303-305 YRV (303-305) and corresponding sequence in ␣1-chimaerin using the Quick Change site-directed mutagenesis kit (Stratagene, La Jolla, CA). These mutations involving a catalytically important conserved Rho -GAP arginine residue eliminate or greatly reduce GAP activity (Ahmed et al., 1994; Barrett et al., 1997; Leonard et al., 1998; Taylor et al., 1999) .
Transient and permanent transfection of neuroblastoma cells or C OS-7 cells were grown in DM EM with 10% fetal calf serum (FC S) and 1% antibiotic -antimycotic (Life Technologies, Paisley, UK) at 37°C with 5% CO 2 . C ells were transfected after 1 hr of serum starvation using lipofectamine (Life Technologies) in DM EM (Sarner et al., 2000) , and FC S (5%) was replaced after 5 hr. PC12 cells plated on collagen and grown as previously described (Obermeier et al., 1998) were transfected in serumfree DM EM containing 1 M insulin using lipofectamine 2000 (Life Technologies). Serum-containing media was replaced after 16 hr, and NGF (100 ng /ml human recombinant; Sigma) was added. Transiently transfected cells were stained with anti-chimaerin, p35, or neurofilament antibody and /or rhodamine-conjugated phalloidin (Sigma) as described (Kozma et al., 1996) and analyzed by confocal microscopy (Z eiss L SM410; Z eiss, Welw yn Garden C ity, UK). C ells transfected with pXJ41HA DNA constructs were grown in complete media containing 800 g /ml G418 (Life Technologies) for 2-3 weeks for selection and isolation of cell clones stably expressing chimaerin isoforms. Established chimaerin-expressing cell lines were subsequently used for transient transfection experiments with pXJ40-GFP or pXJ40-HA cDNA constructs encoding dominant negative Rac1 N17, C dc42 N17 or chimaerin N94H.
Protein anal ysis. After 24 hr, transfected C OS-7 or N1E-115 cells were lysed in 25 mM H EPES, pH 7.3, 20 mM ␤-glycerophosphate, 0.3 M NaC l, 1.5 mM MgC l 2 , 0.2 mM EDTA, pH 8.0, 5% (w/ v) glycerol, 0.5% (w/ v) Triton X-100, 1 mM PMSF, 1 mM Na vanadate, 0.5 mM DTT, 5 g /ml pepstatin, and 5 g /ml aprotinin and centrif uged at 20,000 ϫ g, for 10 min at 4°C. Pellet fractions were solubilized in SDS sample buffer. Alternatively, cells were sonicated in hypotonic buffer (20 mM Tris-HC l, pH 7.0, 10 mM KC l, and 2 mM PMSF), centrif uged at 100,000 ϫ g for 1 hr at 4°C, and the pellet fractions were extracted in 1% Triton X-100, 140 mM NaC l, 10 mM Tris-HC l, pH 7.5, 2 mM PMSF, and centrif uged at 15,000 ϫ g for 10 min at 4°C to pellet the cytoskeletal fraction. Proteins were analyzed by SDS gel electrophoresis and Western blotting with anti-HA or anti-␣2-chimaerin antibody.
Anal ysis of phosphot yrosine binding of chimaerin SH2 domain. Equal portions of Escherichia coli cell lysates (10 ml) containing GST/␣2-chimaerin SH2 domain or mutated SH2 domains were incubated with either glutathione-agarose or phosphotyrosine-agarose (Sigma) in PBS and 1% Triton X-100 for 1 hr at 4°C. After washing with PBS and 1% Triton X-100, bound proteins eluted in SDS sample buffer were analyzed by SDS gel electrophoresis and Coomassie blue staining or Western immunoblotting with anti-␣2-chimaerin antibody.
RESULTS

␣1-and ␣2-chimaerin mRNA expression are different in adult rat brain
Using appropriate oligonucleotide probes (see Materials and Methods), we found ␣1-and ␣2-chimaerin mRNA expression to differ substantially with the former being much higher in adult rat brain ( Fig. 1 A A,C ). Identical patterns of ␣2-chimaerin mRNA expression were obtained using two different probes ( Fig. 1 A A,B ) , one from the unique ␣2-chimaerin 5Ј sequence, and one spanning the junction between the unique ␣2-and common chimaerin sequence. Neither half of the junctional probe detected any signal at the same hybridization stringency. Specificity of hybridization was also demonstrated by the absence of signal with sense strand oligonucleotide ( Fig. 1 A D ) , by its being effectively competed by a 20-fold excess of nonradioactive oligonucleotide ( Fig. 1 B , control) and by the distinct pattern of hybridization obtained with ␣2-and ␣1-chimaerin 5Ј-specific probes.
␣2-chimaerin mRNA is expressed in the embryonic nervous system in postmitotic neurons ␣2-chimaerin mRNA expression was highest in the PNS and CNS from E12.5 until birth ( Fig. 1 B) . Neural crest derivatives including cranial and spinal sensory ganglia and autonomic ganglia, expressed high amounts, as did the adrenal gland, containing neural crest-derived chromaffin cells, by E20.5. This widespread early embryonic expression of ␣2-chimaerin mRNA contrasts with ␣1-chimaerin mRNA expression, which was virtually undetectable before E16.5. Embryonic expression of ␣2-chimaerin mRNA paralleled the caudal to rostral gradient of CNS maturation ( Fig. 1 B) . At E12.5, the cephalic flexure region exhibited high expression, and more rostral regions exhibited lower expression (except for a few early differentiating structures). At E14.5, expression was high in more rostral areas, in the diencephalon and basal telencephalon. By E16.5 there was increased expression in the cortical plate to which postmitotic neurons have migrated.
Significantly, ␣2-chimaerin mRNA expression was transiently increased as neurons became postmitotic and migrated away from the neuroepithelium. Thus, whereas in the adult spinal cord expression was low, at E12.5 expression was high in the differentiating mantle layer motor neurons of the cord ventral horn, in contrast to neuroepithelium of the ventricular zone (Fig. 1C C ) . Similarly at E16.5 in the cortex, the cortical plate consisting of postmitotic neurons showed increased expression relative to the underlying neuroepithelium (Fig. 1C A ) , and in the cerebellum expression in differentiating cells was much higher than the adjacent neuroepithelium. Expression was also high in the developing olfactory epithelium (undetectable in neighboring respiratory epithelium) and retina ( Fig. 1 B,C E ). There was no expression in the choroid plexus (Fig. 1C B ) .
Changes in ␣2-chimaerin mRNA expression in postnatal brain development Until postnatal day 7, ␣2-chimaerin mRNA was evenly expressed in the isocortex (Fig. 2 A) . Between days 7 and 12, the expression pattern changed with two bands exhibiting much higher expression. The outer band corresponding to layers II-IV showed moderate expression, mRNA was barely detectable in layer V cells, but layer VIa displayed higher levels, and this further increased by day 17. Over the same period, expression increased in cells in the rhomboid thalamic nucleus and its lateral wings ( Fig. 2 A,B c ).
␣2-chimaerin mRNA expression in adult rat brain
In the adult rat brain, ␣2-chimaerin mRNA expression was especially localized to specific structures ( Fig. 2 B , Table 1 ). In particular, structures of the telencephalon involved in the processing of olfactory information showed high to moderate expression. The anterior olfactory nucleus exhibited one of the highest levels of expression in the brain ( Fig. 2 B a ) . Cells of the piriform cortex and the nucleus of the lateral olfactory tract also had moderate to high expression levels. Expression occurred throughout all areas of the cerebral cortex ( Fig. 2 B a-e ). In the neocortex, the pattern established after postnatal day 7 with the very high expression in layer VIa was maintained in the adult. Cells in layer V had the lowest expression in the neocortex. The highest expression was found in layers II and III of the entorhinal cortex. The lamina dissecans of the entorhinal cortex and the parasubiculum also showed relatively high expression (Fig. 2 B e,f ) . In the hippocampus, expression in the pyramidal cell layers CA1-4 was high and slightly lower in the granule cells of the dentate gyrus (Fig. 2 B c,d ). In the basal ganglia, the striatum showed moderate expression ( Fig. 2 B c ). On emulsion-dipped sections, label was observed over cells with the appearance and distribution of medium-sized projection neurons.
Expression was moderate in most of the hypothalamic nuclei ( Fig. 2 B c ) . The thalamus showed a restricted pattern of expression, with moderate levels in intralaminar and midline nuclei (Fig.  2 B c ) . Expression was also moderate in the brainstem with higher levels in some specific nuclei including the dorsal raphe nucleus, locus coeruleus, dorsal motor nucleus of the vagus nerve, and inferior olivary nucleus (Fig. 2 B e-h ). Throughout the brain, ␣2-and ␣1-chimaerin mRNAs had distinct but overlapping patterns of expression (Table 1) .
␣1-and ␣2-chimaerin protein distribution in adult rat brain cells
We next investigated ␣1-and ␣2-chimaerin protein expression, using polyclonal antisera raised against recombinant chimaerin C-terminal (Kozma et al., 1996) and full-length ␣2-chimaerin. The ␣2-chimaerin antibody reacted strongly with full-length protein and an N-terminal construct containing the first 49 amino acids and SH2 domain, but weakly with the isolated SH2 domain and not with the GAP domain (Fig. 3A) . The 45 kDa ␣2-chimaerin protein was present in brain cytosolic fractions and in both plasma membranes and microsomal fractions (Fig. 3B) . Antibodies raised against the C-terminal GAP domain detected 45 kDa (␣2-chimaerin) and 38 kDa (␣1-chimaerin) proteins, both of which displayed Rac GAP activity (Fig. 3B) . ␣1-chimaerin immunoreactivity and corresponding RacGAP activity was predominantly found in microsomal fractions with small amounts in Figure 1 . ␣2-chimaerin mRNA, but not ␣1-chimaerin mRNA, is highly expressed in embryonic nervous system. A, Specificity of detection of ␣2-and ␣1-chimaerin mRNA was determined by in situ hybridization of coronal sections of adult rat brain with oligonucleotide probes complementary to ␣2-chimaerin N-terminal coding sequence ( A A ), an ␣2-chimaerin oligonucleotide spanning the point of sequence divergence from ␣1-chimaerin ( A B ), ␣1-chimaerin 5Јsequence, showing the higher level of expression of ␣1-chimaerin in adult brain ( A C ), and an ␣2-chimaerin sense strand control oligonucleotide ( A D ). Scale bar, 2 mm. B, ␣2-chimaerin mRNA expression during embryonic development. At embryonic day 12.5 (E12.5), high levels of specific labeling were detected in central and peripheral nervous system with most intense signal in caudal structures. E14.5 and E16.5 embryos show progressively more rostral hybridization; the signal could be competed by a 20-fold excess concentration of unlabeled oligonucleotide (E14.5 control ); E16.5 embryos show strong hybridization to cerebral cortex and in a more lateral E16.5 section hybridization to the retina ( r). Although the nervous system clearly exhibits the highest levels of hybridization throughout embryonic development, various other structures including limb buds, smooth and striated muscle, and developing organs such as the kidney and lung are also slightly labeled at longer exposures. At 20 d (E20.5) moderate levels of hybridization are detected in most neural tissues with higher levels in sympathetic ganglia and in a band outlining the cerebral cortex. ad, Adrenal gland; cb, cerebellum; cg, cervical ganglion; col, colliculus; cx, cortex; drg, dorsal root ganglion; int, intestine; flimb, forelimb; hlimb, hindlimb; k, kidney; li, liver; lu, lung; m, muscle; nas, nasal epithelium; r, retina; s, stomach; sc, spinal cord; sg, sympathetic ganglion; t, tongue; 5, trigeminal ganglion. Hybridization to ␣1-chimaerin-specific oligonucleotide was detectable at E16.5. Central and lateral sections show very low levels of expression [compare with hybridization to ␣2-chimaerin specific oligonucleotide in corresponding (E16.5) sections above]. Scale bars: E12.5-E16.5, 1.5 mm; E20.5, 3.5 mm. C, ␣2-chimaerin mRNA expression in embryonic rat tissues at E12.5 and E16.5. Light-field photomicrographs of counterstained sections and corresponding dark-field in situ hybridization in emulsion-dipped slides: (C A ) E16.5 cerebral cortex. Note the higher expression in the cortical plate (CxP) relative to cortical neuroepithelium (cx). C B , E16.5; there is expression in the cerebellar anlage (Cb) but not in the adjacent choroid plexus (cpl ). C C , E12.5; ␣2-chimaerin mRNA is present in dorsal root ganglion (DRG) and at high levels in spinal cord mantle layer (ml ) but not in the ventricular zone (vz). C D , E16.5 olfactory sensory (se) but not respiratory epithelium (re) shows hybridization. C E , E16.5; labeling of the retina is most intense over the inner band of cells. Scale bar, 150 m. synaptic and plasma membrane fractions, but was absent from cytosol ( Fig. 3B) .
Immunocytochemical localization of ␣2-chimaerin in brain
The ␣2-chimaerin antiserum was used to analyze protein distribution in the adult rat brain (Figs. 3, 4) . To verify the specificity of this antibody for ␣2-chimaerin, the pattern of immunoreactivity in cortex was compared with mRNA distribution shown by in situ hybridization (Fig. 3C) . The pattern of cell bodies stained corresponded closely to the expression of ␣2-but not of ␣1-chimaerin mRNA (Fig. 3C) . Identical results were obtained using the polyclonal antiserum before or after its further purification to remove antibodies to GST and ␣1-chimaerin (data not shown). Control sections using antibody preabsorbed with 5 M ␣2-chimaerin (or preimmune serum) were devoid of specific staining. The most dense immunohistochemical reaction was found in cells of the entorhinal cortex, claustrum, layer VIa of the neocortex, hippocampus, dorsal motor nucleus of the vagus, and inferior olivary nucleus (Fig. 4) . The discrete localization of ␣2-chimaerin immunoreactivity in thalamic interlaminar and midline nuclei also paralleled distribution of ␣2-chimaerin mRNA (Fig. 4 A A ) . Neither astrocytes nor oligodendrocytes contained immunoreactivity.
Chimaerin immunoreactivity was found throughout the entire neuron, bar the nucleus. The cell staining often appeared punctate, except in intensely labeled cells where it was more homogenous (Fig. 4 B A,D ) . Dendrites extending from the cell body had localized patchy staining (Fig. 4 B A,D ) . Axons were more homogenously stained and were visible in white matter tracts, including the alveus and internal capsule. Terminal fields of stained neurons also contained punctate labeling. In the hippocampal formation, terminations of the projections from the entorhinal cortex could be distinguished as bands of increased staining intensity in the neuropil of the outer two-thirds of the molecular layer of the dentate gyrus (Fig. 4 A D ) .
Biochemical properties associated with the ␣2-chimaerin SH2 domain
To investigate the function of the ␣2-chimaerin SH2 domain, amino acid substitutions were made at positions predicted to be involved in phosphotyrosine or target peptide binding (Fig. 5A) . The atypical N-terminal glutamic acid residue (E49) was mutated to the more usual tryptophan. Leucines were substituted for arginines R56 and R73, corresponding to the highly conserved ␣A2 arginine and invariant ␤B5 arginine essential for phosphotyrosine binding (Waksman et al., 1992 (Waksman et al., , 1993 Bibbins et al., 1993) , and histidine was substituted for an atypical asparagine (N94H), which aligns with Src ␤D4 (Src H201) (Fig. 5A) . Residues in this ␤D region of Src are involved in target phosphopeptide selectivity (Songyang et al., 1995) . Wild-type chimaerin SH2 domain bound phosphotyrosine-agarose, as did E49W and N94H Figure 2 . ␣2-chimaerin mRNA distribution changes during postnatal development of the cortex and it is selectively expressed in adult brain regions. A, The laminar pattern of ␣2-chimaerin mRNA in the cortex is established postnatally. At postnatal day 7 (7d), it is evenly distributed throughout all layers of cerebral cortex, by day 12 there is a distinct laminar pattern (12d), and at day 17 deep cortical layers (arrow) show increased expression (17d). B, ␣2-chimaerin mRNA expression in adult rat brain was analyzed by in situ hybridization in a series of coronal sections from an anterior section ( a) showing anterior olfactory nucleus (aon) through to ( h) showing dorsal motor nucleus of the vagus nerve (dmv), area postrema (ap), and inferior olivary nucleus (ion). The laminar pattern found in the cortex of young rats is still evident in adult, although slightly less prominent (c, d). The highest level of signal is detected in the entorhinal cortex (ent) (f); expression was restricted to specific neuronal nuclei. cb, Cerebellum; cx, cerebral cortex; cl, claustrum; drn, dorsal raphe nucleus; hpc, hippocampus; lc, locus coeruleus; mh, medial habenula; pir, piriform cortex; ph, paraventricular hypothalamic nucleus; pi, pineal gland; pn, pontine nucleus; pt, paraventricular thalamic nucleus; rh␣ rhomboid nucleus of the thalamus; s, striatum; sn, substantia nigra. Scale bar, 2 mm. mutants (Fig. 5B) . Mutation of arginines R73L and R56L abolished this phosphotyrosine interaction.
None of the SH2 domain mutations affected GAP activity of ␣2-chimaerin in vitro (data not shown). This activity is ϳ10-fold greater than that of ␣1-chimaerin in the absence of lipids and is comparable with that of GAP domain alone, suggesting a regulatory function for the N-terminal not reliant on the SH2 domain. ␣1-and ␣2-chimaerin GAP activities were both increased by lipids.
Subcellular distribution of ␣2-chimaerin is altered by an SH2 domain mutation ␣1-and ␣2-chimaerin isoforms and the four ␣2-chimaerin SH2 domain mutants were expressed in COS-7 and N1E-115 neuroblastoma cells to investigate the effect of the alternately spliced N-terminal SH2-containing sequence. Proteins of the expected length were synthesized with comparable efficiency in an in vitro transcription-translation assay (data not shown) and in transfected cells. In transiently transfected COS-7 cells, ␣2-chimaerin was predominantly soluble with only small amounts in the pellet fraction after 0.5% Triton X-100 extraction (Fig. 5C ). In contrast, ␣1-chimaerin was particulate (Kozma et al., 1996) (Fig. 5C) . . B, ␣2-and ␣1-chimaerin protein are distributed in different subcellular fractions in brain: P2, mitochondrial, myelin pellet obtained after centrifugation at 12,000 ϫ g for 10 min; P3, microsomal pellet after centrifugation at 100,000 ϫ g for 1 hr; Sol, cytosolic fraction (100,000 ϫ g supernatant); Spm, synaptic plasma membranes purified from P2 fraction. RacGAP activity was analyzed by GAP overlay assay (left panel ) (Manser et al., 1992) . White bands show the location of proteins with GAP activity detected as areas of increased hydrolysis of [␥ 32 P]-GTP-Rac. Corresponding Western immunoblots blots were assayed with C-terminal ␣1-chimaerin antibodies (Kozma et al., 1996) Cotransfection with Rac1 V12, Cdc42 V12, or RhoA V14, which became particulate, did not alter the disposition of ␣2-chimaerin (data not shown). The ␣2-chimaerin SH2 domain mutants E49W, R56L, and R73L were all predominantly soluble (Fig. 5C) , (Waksman et al., 1993) . Mutations were made at positions equivalent to Src ␤A1, ␣A2, ␤B5, and ␤D4, residues likely to be involved in phosphopeptide interaction. B, Effect of SH2 domain mutations on binding to phosphotyrosine-agarose. Chimaerin SH2 domain and four SH2 domain mutants, E49W, R56L, R73L, and N94H, expressed as GST fusion proteins were bound to either glutathione-agarose (GT ) or phosphotyrosine-agarose (PY ) columns eluted in SDS Laemmli buffer and analyzed by Western immunoblotting with ␣2-chimaerin antibody. C, Distribution of chimaerin isoforms and SH2 domain mutants. COS-7 cells were transiently transfected with GFP/␣1-chimaerin, GFP/␣2-chimaerin, GFP/␣2-chimaerin E49W, GFP/ ␣2-chimaerin R56L, GFP/␣2-chimaerin R73L, or GFP/␣2-chimaerin N94H. Soluble and pellet fractions were analyzed by Western immunoblotting with anti-GFP monoclonal antibody (Clontech). Similar results were obtained in experiments with transiently transfected HA-tagged constructs in place of GFP. D, Permanent cell lines overexpressing ␣2-chimaerin or ␣1-chimaerin were fractionated into soluble (Sol ), solubilized membrane (Mem), and cytoskeletal (Csk) fractions. They were subject to Western immunoblotting using anti ␣2-chimaerin polyclonal antibodies to detect ␣2-chimaerin or anti-HA monoclonal antibody for ␣1-chimaerin. Soluble fractions from a series of ␣2-chimaerin lines (Sol ) and cytoskeletal fractions from a series of ␣1-chimaerin lines (Csk) are also shown. The positions of ␣2-(45 kDa) and ␣1-chimaerin (38 kDa) are indicated (arrows). Fractions from parent N1E115 cells and empty vector containing cells (HAv) are also shown.
whereas the N94H mutant partitioned mainly in the particulate fraction (when expressed either as a GFP fusion protein or with an HA 10 amino acid residue tag).
Permanent chimaerin-expressing neuroblastoma N1E-115 cell lines were established that expressed either full-length ␣1-chimaerin (38 kDa) or ␣2-chimaerin (45 kDa) (Fig. 5D ). In several cell lines, ␣2-chimaerin was expressed at Ͼ20-fold higher levels than endogenous ␣2-chimaerin (Fig. 5D ). ␣2-chimaerin was predominantly soluble with some membrane-associated (Fig. 5D) . Endogenous ␣1-chimaerin was not detected (data not shown) but transfected HA-tagged ␣1-chimaerin was in the insoluble fraction and was cytoskeleton-associated (Fig. 5D) . These subcellular distributions paralleled those of brain preparations, where ␣2-chimaerin was cytosolic and in membrane fractions (Hall et al., 1993) (Fig. 3B) , whereas ␣1-chimaerin was absent from cytosol and was restricted to microsomal and other membrane fractions (Fig. 3B) .
Differential effects of ␣2-and ␣1-chimaerins on morphology of neuroblastoma cells
Neuroblastoma cells transiently transfected with ␣2-chimaerin produced multiple neurites when stimulated by low serum when grown on poly-lysine, and the protein was present throughout the cell body and neurites (Fig. 6) . A similar phenotype and protein distribution was generated by E49W, R56L, and R73L ␣2-chimaerin mutants. All the cells also displayed peripheral actin microspikes and ruffles, (the latter especially along the processes of cells expressing the R56L and R73L mutants) (Fig. 6) . In contrast, cells transfected with ␣2-chimaerin N94H were rounded, and little neurite formation occurred; protein appeared punctate and membrane-associated. The phenotype and protein distribution resembled those of ␣1-chimaerin-transfected cells, as did the presence of dense F-actin. Inactivation of the GAP domain of ␣2-chimaerin by mutation of the conserved catalytically important RhoGAP arginine residue (R304 in chimaerin) (Barrett et al., 1997; Leonard et al., 1998; Taylor et al., 1999) resulted in similar protein distribution and morphology to wildtype ␣2-chimaerin, except that ruffles and neurites were more pronounced (Fig. 6) , indicative of enhanced Rac signaling. Expression of ␣2-chimaerin N94H with inactivating mutations of the GAP domain (␣2-chimaerin N94H,R304G or ␣2-chimaerinN94H,⌬303-305) altered the morphological effects of the N94H mutant, promoting outgrowth, rather than cell rounding, without affecting its particulate disposition (Fig. 6) .
In the permanent cell lines overexpressing either ␣2-or ␣1-chimaerin grown on poly-lysine their distinctive morphology was consistent with a potentiation of Cdc42 and/or Rac1 signaling. ␣2-chimaerin overexpressing cells were flattened with peripheral microspikes and ruffles, a phenotype indicative of both Rac1 and Cdc42 activation (Fig. 7A e-g ), and neurites in the presence or absence of serum (12-16% of cells with neurites Ͼ2ϫ cell body diameter) (Fig. 7B) . The neurites were immunoreactive to p35, the neuronal regulator of cdk5 involved in neurite outgrowth (Nikolic et al., 1996) , and to neurofilament antibodies (Fig. 7A h-j ) . Some cells (40%) were large with a diameter of 50 -100 m (Fig.  7B) . As with transient transfectants, ␣2-chimaerin was present throughout the cell, in neurites and growth cones (Fig. 7A e ) . The ␣1-chimaerin-expressing cell lines were characterized by a preponderance (70%) of small round cells with peripheral microspikes and dense F-actin within the cell body, characteristic of morphology generated by Cdc42 activation (Fig. 7) . Neurite formation was negligible compared with ␣2-chimaerin-expressing or control cells, even when cells were stimulated by serum withdrawal (Fig. 7B) . Further differentiation of ␣2-chimaerin cell lines (but not ␣1-chimaerin or control cell lines) could be induced by treatment with dibutyryl cAMP (1 mM) for 24 hr. Under these conditions, 38% of ␣2-chimaerin-expressing cells formed neurites Ͼ2 cell diameters, which stained strongly with neurofilament antibody (data not shown), whereas only 3-6% of ␣1-chimaerin or control cells formed neurites.
Permanent ␣2-chimaerin-expressing cell lines, which produced some neurites whether or not exposed to serum, were then transfected with dominant negative mutants of Cdc42 and Rac1. When transiently transfected with GFP-Rac1 N17, cells (60%) displayed numerous large, elaborate filopodial extensions but almost no ruffles (Fig. 8a,b) . The peripheral changes indicate that Cdc42 activation still occurred, whereas Rac1 N17 interfered with production of ruffles. GFP-Cdc42 N17 transfection led to enhanced cell ruffling and spread flat cells, typical of a Rac1-phenotype, but few cells exhibited peripheral microspikes (Fig. 8a,c) . In both cases neurite formation was reduced (to 3-4%, compared with 12% in the untransfected cell line) (Figs. 7, 8) . These results are consistent with ␣2-chimaerin expression stimulating Cdc42-and Figure 6 . Transient expression of ␣2-chimaerin, its SH2 and GAP domain mutants, and ␣1-chimaerin in N1E-115 neuroblastoma cells. Cells plated on poly-lysine were transfected with pXJ40-GFP-␣2-chimaerin, SH2 domain mutants E49W, R56L, R73L, N94H, ␣1-chimaerin, ␣2-chimaerin GAP domain mutant ␣2R304G, or ␣2N94HR304G SH2/GAP double mutant (or GFP; data not shown). Transfectants were cultured in DMEM and 5% FCS for 24 hr, stained with phalloidin, and analyzed by confocal microscopy. GFP fluorescence and corresponding F-actin are shown.
Rac1-requiring morphological pathways underlying neurite outgrowth. Furthermore, transient transfection (24 hr) of ␣2-chimaerin cell lines with GFP-chimaerin N94H SH2 domain mutant altered the morphology to form rounded cells and prevented neurite outgrowth (Fig. 8a,h) , indicating that the SH2 domain has an important regulatory role. In stable ␣1-chimaerinexpressing cell lines, the effects of Rac1 N17 and Cdc42 N17 were less evident (Fig. 8c,d,i) , except when cells were plated on laminin (Fig. 8e,f,j) . Growth on laminin results in integrin-mediated stimulation of both Cdc42-and Rac1-type effects in N1E-115 cells (Sarner et al., 2000) .
The effects of Rac1 N17 or Cdc42 N17 on ␣2-chimaerin expressing cells (the formation of microspikes and ruffles, respectively) were similar on laminin or poly-lysine substrates.
The effects of ␣2-chimaerin and SH2 domain mutants was next investigated in PC12 cells stimulated with NGF to induce neurites, in which phosphotyrosine -SH2 domain interactions are involved. Transient transfection of GFP-␣2-chimaerin in NGF-stimulated cells led to a significant increase in spread and flattened cells and a variable effect on neurites (Fig. 9A) . ␣2-chimaerin E49W and R73L mutants produced minor increases in formation of neurites compared with GFPtransfected cells (Fig. 9A) , although subtle effects on morphology cannot be excluded. ␣2-chimaerin (and E49W and R73L mutants) was present throughout the neurites (Fig. 9B b ) . As in neuroblastoma N1E-115 cells, the N94H SH2 domain mutation altered the protein distribution and cell morphology (Fig. 9B c, d ) and also inhibited NGF-induced neurite formation in NGF-stimulated PC12 cells (Fig. 9A ).
DISCUSSION
We have found that ␣2-chimerin, a neuronal regulator of the Rho GTPase family, is developmentally expressed in the CNS in a manner suggesting a role in neuronal differentiation. Transfection with ␣2-chimaerin led to N1E-115 neuroblastoma cells exhibiting morphological effects including neurite formation, which was eliminated by a mutation of the SH2 domain. The presence of an SH2 domain is important for the morphological function of ␣2-chimaerin.
Developmental expression of ␣2-chimaerin mRNA
The caudorostral developmental pattern of expression of its mRNA and its substantial increase in postmitotic but not proliferative neurons indicate an involvement of ␣2-chimaerin in early neuronal developmental processes, which include morphological differentiation. A similar spatiotemporal pattern of expression in postmitotic neurons has been reported for Cdk5/p35 (Tsai et al., 1993; Delalle et al., 1997; Zheng et al., 1998) and Crmp-2 (Minturn et al., 1995a,b; Wang and Strittmatter, 1996) , which are implicated in neuronal outgrowth or axonal guidance (Goshima et al., 1995; Nikolic et al., 1996) . Cdk5 with its neuronal specific regulator p35 functions as a Rac effector (Nikolic et al., 1998) , and mice lacking p35 display defects of cortical lamination arising from disruption of normal cell migration (Chae et al., 1997) . Its expression pattern in the cortical layers suggests ␣2-chimaerin may also have a role in elaboration of processes or neuronal maturation. In keeping with this suggestion, ␣2-chimaerin has been found to interact with Crmp-2 (Teo, 1994; Ferrari, 1999) (our unpublished data). Chimaerin also interacts with p35 (R. Qi and J. Wang, personal communication) (data not shown).
␣2-chimaerin mRNA expression in adult brain
In the adult, the expression pattern of ␣2-chimaerin mRNA is similar to that of the m3 muscarinic receptor mRNA in many regions (Buckley et al., 1988) . In the cerebral cortex, both mRNAs are expressed in a laminar manner with peaks in superficial layers and layer VI. Consistent with the possible relationship between ␣2-chimaerin and the cholinergic system in the adult, the maturation of cholinergic innervation occurs after day 7 (Johnston and Coyle, 1980) . Although undetectable before E16, the much more abundant ␣1-chimaerin mRNA is expressed highly in regions involved in learning and memory including the cerebral cortex, hippocampal formation, and cerebellar Purkinje cells (Table 1) .
Neuronal expression of ␣2-chimaerin protein
␣2-chimaerin immunoreactivity is found throughout the entire neuron, except the nucleus, but not glia. The punctate appearance of labeling on cell bodies, dendrites, and in the neuropil perhaps reflects its localization in structures associated with synapses. Mossy fiber terminals in hippocampal region CA3 originating from cells in the dentate gyrus are clearly stained. A dramatic staining of the outer two-thirds of the molecular layer of the dentate gyrus is also observed. This pattern of labeling is likely to be produced by staining of the terminals of perforant pathway afferents arising from the neurons of the entorhinal cortex, in which ␣2-chimaerin is enriched. Intracellularly, ␣2-chimaerin is localized in the cytosolic fraction, as well as plasma membrane and microsomal fractions. This localization contrasts with that of the wholly particulate ␣1-chimaerin.
A possible function of ␣2-chimaerin in neuronal differentiation
To determine the role of ␣2-chimaerin involving its SH2 domain, we have examined the morphological effects of overexpression of both ␣1-and ␣2-chimaerin in transiently and permanently trans- fected N1E-115 neuroblastoma cells and also in NGF-stimulated PC12 cells. These gave essentially the same result, that ␣2-chimaerin potentiates neurite formation with the SH2 domain being an important component. Serum contains factors such as lysophosphatidic acid, which activate RhoA signaling pathways; in its presence N1E-115 cells are rounded and lack neurites indicative of a RhoA-phenotype. Withdrawal of serum (i.e., loss of RhoA activation) or expression of dominant-negative RhoA N19 can promote neurite outgrowth. Outgrowth is better on laminin than poly-lysine consistent with integrin activation of Cdc42-Rac pathways (Kozma et al., 1997; Sarner et al., 2000) . Cells permanently overexpressing ␣2-chimaerin when grown on poly-lysine become flattened, with ruffles and microspikes, and form neurites, whether or not they are stimulated by serum withdrawal. The transient expression of Cdc42 N17 interferes with formation of peripheral microspikes but not ruffling (a Rac1-type effect), transient expression of Rac1 N17 interferes with ruffling but not microspike formation (a Cdc42-type effect), and both led to a reduction in neurites. Cells overexpressing ␣1-chimaerin showed microspike formation (blocked by expression of dominant-negative Cdc42N17) but not ruffles or neurites. It appears that ␣2-is more effective than ␣1-chimaerin in stimulating morphological changes associated with formation of neurites.
These results indicate that ␣2-chimaerin enhances Cdc42 and Rac1 signaling pathways, both of which are required for neurite outgrowth. ␣1-chimaerin expression results in net increased activation of Cdc42 pathways. Possibly, ␣1-chimaerin expression enhances activation of both Cdc42 and Rac1 pathways, but Rac1 downregulation also occurs. [Both types of cell lines were more adhesive than N1E-115 control cells with or without empty vector, requiring trypsin for detachment during culturing (data not shown)]. The distinct morphologies of neuroblastoma cells transiently transfected with ␣1-and ␣2-chimaerin is also consistent with differences in Rac1 regulation. Although the SH2 domain confers increased GAP activity to ␣2-chimaerin in vitro, RacGAP activity in chimaerin cell lines was not different in the various subcellular fractions, except for an increase in the cytoskeletal fraction of cells overexpressing either isoform compared with control N1E-115 or vector-containing cells (data not shown). The cytoskeletal increase may reflect a need for increased usage or turnover of Rac1 in cytoskeleton-based morphological changes. Although these assays do not distinguish between chimaerin and other RacGAPs, they indicate that the differences in morphological functions of ␣1-and ␣2-chimaerin do not arise solely from Rac-GAP activities. Although chimaerin GAP domain alone will downregulate the morphological activities of Rac1, full-length ␣1-chimaerin induces the formation of lamellipodia and filopodia in fibroblasts and neuroblastomas, an effect enhanced by an inactivating mutation of the GAP domain (Kozma et al., 1996) (data not shown). The enhanced formation of neurites and ruffles by ␣2-chimaerin GAP-defective mutants, which retain GTPase binding ability (Ahmed et al., 1994; Leonard et al., 1998) , provides further evidence that ␣2-chimaerin can promote as well as downregulate Rac signaling. Protein-protein interactions in vivo involving chimaerin SH2 domain may affect GAP activity and/or GTPase activation levels. Interestingly, regulation of Cdc42 PSGAP activity by tyrosine kinase PYK2, which interacts with its SH3 domain, can lead to Cdc42 activation (Ren et al., 2001) .
There is a direct relationship between the different morphological activities of the two ␣-chimaerin isoforms and their cellular compartmentation. Clearly, the SH2 domain confers differential functions to the ␣2 isoform, because the effects and compartmentation of the ␣2-N94H mutant resemble those of ␣1-chimaerin. The formation of neurites in permanent ␣2-chimaerin cell lines, and also in NGF-stimulated PC12 cells, is inhibited by its expression. Interestingly, ␣2-chimaerin N94H SH2 no longer binds Crmp-2 (Ferrari, 1999) , although in vitro phosphotyrosine binding is unaffected. Predicted chimaerin SH2 domain structure modeled on Grb-2 SH2 (Thornton et al., 1996) indicates that the N94H substitution could displace an aspartate residue (D60), locally altering surface charge in the region adjacent to the phosphotyrosine binding pocket, potentially disrupting target interactions. Relocation and/or lipid activation of GAP activity could be responsible for the morphological effects (cell rounding) of ␣2-chimaerin N94H SH2 in N1E-115 cells, because mutation of its GAP domain promoted microspikes and neurite outgrowth. GAP-inactive ␣1-chimaerin showed similar morphological effects to this ␣2-chimaerin SH2 GAP double mutant (data not shown). These results are consistent with a functional requirement for the diverse N-terminals of ␣-chimaerins in Rac regulation and morphology.
The limited effect of the chimaerin SH2 domain R73L mutant (which does not bind phosphotyrosine) on neurite outgrowth in PC12 cells suggests that chimaerin SH2 domain may not be a direct target of NGF-induced phosphotyrosine signaling. Although the atypical SH2 domain of ␣2-chimaerin will bind phosphoproteins (Hall et al., 1993) these remain unidentified. A wide variety of receptor tyrosine kinases are involved in neuronal differentiation and axonal guidance (O'Leary and Wilkinson, 1999) . Ephrin-A5 induces growth cone collapse through activation of Rho GTPase signaling (and inactivation of Rac) (Wahl et al. 2000) . Tyrosine kinase abl and receptor phosphatase Lar are involved in axiogenesis (Lanier and Gertler, 2000) . Lar can interact with the Rho/Rac GEF Trio (Debant et al., 1996) , a key factor in axon guidance (Newsome et al., 2000) , providing a direct link to actin regulation. Rac GAP ␣2-chimaerin may link dynamic Rac1-dependent growth cone activity to guidance molecules or growth factor signaling through tyrosine kinases.
The high level of expression of ␣2-chimaerin implies a particular role in the entorhinal cortex, which is involved in memory and pathological change in Alzheimer's disease (Hyman et al., 1990) . Interestingly, cleavage of p35 is increased in Alzheimer's disease, leading to altered subcellular disposition and disordered Cdk5 activity, perhaps contributing to pathology (Patrick et al., 1999) . In ␣2-chimaerin-expressing cell lines, p35 colocalized with actin and could be coimmunoprecipitated with chimaerin (unpublished data). Our findings of a role for ␣2-chimaerin in neuronal differentiation and its interactions with p35 and Crmp-2 suggest an involvement in mechanisms underlying development and possibly also pathology of brain regions selectively affected in Alzheimer's disease.
